The anomalous Hall effect (AHE) has been studied systematically in the low-conductivity ferromagnetic oxide Fe3−xZnxO4 with x = 0, 0.1, and 0.5. We used (001), (110), and (111) oriented epitaxial Fe3−xZnxO4 films grown on MgO and sapphire substrates in different oxygen partial pressure to analyze the dependence of the AHE on crystallographic orientation, Zn content, strain state, and oxygen deficiency. Despite substantial differences in the magnetic properties and magnitudes of the anomalous Hall conductivity σ AHE xy and the longitudinal conductivity σxx over several orders of magnitude, a universal scaling relation σ AHE xy ∝ σ α xx with α = 1.69 ± 0.08 was found for all investigated samples. Our results are in agreement with recent theoretical and experimental findings for ferromagnetic metals in the dirty limit, where transport is by metallic conduction. We find the same scaling relation for magnetite, where hopping transport prevails. The fact that this relation is independent of crystallographic orientation, Zn content, strain state, and oxygen deficiency suggests that it is universal and particularly does not depend on the nature of the transport mechanism.
The physics of the Hall effect in ferromagnetic materials is discussed intensively and controversially since the 1950s. Early experimental work on ferromagnetic metals suggested that the Hall resistivity can be described by the empirical relation ρ xy = R O µ 0 H + R A µ 0 M , where H is the applied magnetic field and M the spontaneous magnetization of the ferromagnet. The first term, proportional to H and characterized by the ordinary Hall coefficient R O , describes the ordinary Hall effect (OHE), whereas the second term, proportional to M and characterized by the anomalous Hall coefficient R A , represents the anomalous Hall effect (AHE). Although the AHE is generally observed in ferromagnetic metals and semiconductors, its origin has been one of the most intriguing and controversial issues in solid-state physics and various theories based on intrinsic and extrinsic mechanisms have been proposed [1, 2, 3, 4, 5] . Whereas the extrinsic origins of the AHE are based on skew scattering [2, 3] and side jump [4, 5] mechanisms due to spin orbit interaction connecting the spin polarization with the orbital motion of electrons, the intrinsic origin of the AHE is closely related to the Berry phase [6] of the Bloch electrons [1, 7, 8, 9, 10, 11, 12, 13] . The dissipationless and topological nature of the intrinsic mechanism has attracted much attention recently and various first principles band structure calculations have been performed to explain the AHE in transition metals [14, 15] , ferromagnetic semiconductors [9, 10, 16] , and oxides [17, 18, 19, 20] .
A powerful experimental test for AHE models is the measurement of the scaling of the anomalous Hall resistivity (conductivity) ρ AHE xy (σ AHE xy ) with the longitudinal resistivity (conductivity) ρ xx (σ xx ). The skew scattering and side jump mechanisms are known to yield ρ
respectively. Recently, a unified theory of the AHE has been developed for multiband ferromagnetic metals with dilute impurities, taking into account resonant contributions from band crossings. This model predicts three scaling regimes as a function of electron scattering time. In the clean limit the skew scattering mechanism dominates resulting in σ AHE xy ∝ σ xx . On decreasing scattering time or conductivity, the intrinsic contribution becomes dominant, yielding σ AHE xy ≃ const. In the dirty limit, the intrinsic contribution is strongly damped, resulting in a scaling relation σ AHE xy ∝ σ 1.6 xx [12, 13] . The crossover between the intrinsic and dirty limit regime has been observed very recently for several itinerant ferromagnets [21] . Furthermore, the σ AHE xy ∝ σ
1.6
xx scaling has been found for several low-conductivity materials independent of the details of the underlying transport mechanism (hopping or metallic conduction) [21, 22, 23, 24, 25] . This is quite surprising and not understood in detail so far. Although theoretical models have been proposed for the AHE in low-conductivity ferromagnetic materials [10, 17] , where transport is dominated by hopping, or in the Hall insulator phase [26] , no complete theoretical understanding has been developed. In particular, no universal scaling behavior independent of the underlying transport mechanism has been predicted.
In this Letter, we address the question whether or not the scaling relation σ AHE xy ∝ σ
xx predicted for ferromagnetic metals in the dirty limit [12, 13] and quantum Hall insulators [26] also holds for low-conductivity ferromagnetic oxides with hopping type conductivity as indicated by recent experiments [24, 25] . To do so we performed a systematic study of the AHE in magnetite (Fe 3 O 4 ), which belongs to this material class. In particular, we checked whether the scaling relation is universal or depends on the specific sample properties. In order to clarify possible influences of the crystal structure, the charge carrier density, or Zn content we studied (i) epitaxial Epitaxial thin films of Fe 3−x Zn x O 4 with x = 0, 0.1, and 0.5 were grown by laser molecular beam epitaxy [27, 28] at a base pressure of 3.7×10 −3 mbar in pure Ar atmosphere or an Ar/O 2 (99:1) mixture. We used MgO(001), MgO(110), and Al 2 O 3 (0001) substrates to obtain (001), (110), and (111) oriented films with different amount of epitaxial coherency strain, respectively. Details of the growth process are given elsewhere [29, 30, 31] . X-ray diffraction reveals a high epitaxial quality of our samples as demonstrated by a FWHM of the rocking curves of the (004) reflection smaller than 0.05
• . X-ray reflectometry was used to get precise values of the film thickness ranging between 30 and 60 nm. Magnetic characterization was performed by SQUID magnetometry. For magnetotransport measurements the films were patterned into typically 45 µm wide and 350 µm long Hall bars by optical lithography and Ar ion beam milling [32] . The Hall bars were aligned parallel to the in-plane 100 directions for the (001) and (110) films and also along the 110 directions for the (110) films, and parallel to the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and directions for the (111) films. Magnetotransport measurements as a function of temperature T and magnetic field H were performed using a standard 4-probe technique with H applied perpendicular to the film plane. The Hall resistivity ρ xy was obtained by anti-symmetrization of the values measured for opposite magnetic field directions to eliminate offsets due to contact potential or a geometric misalignment of the Hall probes. The respective conductivities were derived by inversion of the resistivity tensor. For cubic symmetry and H z, we get
since ρ xy ≪ ρ xx for our samples. We first discuss ρ xx (T ) for the different films. As shown in Fig. 1 , ρ xx increases by more than two orders of magnitude on decreasing T from 350 to below 100 K. Furthermore, ρ xx sensitively depends on the Zn-doping, the growth atmosphere and the crystallographic orientation. An increasing Zn content increases resistivity. This is caused by the substitution of Fe 3+ by Zn 2+ ions reducing the carrier concentration [33, 34] . Zn-substitution also smears out the Verwey transition [35] which is clearly seen for the undoped samples as a pronounced increase of resistivity at T V ≃ (115 ± 5) K. This temperature is slightly smaller than the ideal bulk value (120 K) and also the increase in ρ xx is less sharp than for bulk samples what can be attributed to the nonvanishing epitaxial strain [36] . It is also seen that the resistivity increases by growing the films in an Ar/O 2 mixture. This is due to a reduction of oxygen vacancies resulting in a decrease of the carrier density.
The Hall resistivity ρ xy is plotted versus H in Fig. 2 at T = 300 K together with the magnetization curves of the same films. Similar curves are obtained at other temperatures. It is evident that ρ xy scales with magnetization M . This is expected according to the empirical relation ρ xy = ρ OHE xy
dominates. In Fig. 3 we have plotted ρ xy (H) at 200 K up to 14 T. The data show the already discussed behavior following the M (H) curves due to the dominating anomalous Hall contribution. We also note that the initial slope of the ρ xy (H) curves can be larger than 1 µΩm/T corresponding to a sensitivity of more than 100 V/AT for a 10 nm thick film in agreement with a recent report [25] . To derive ρ AHE xy (M s ) = R A µ 0 M s , where M s is the saturation magnetization, from the measured ρ xy (H) curve, one has to separate the ordinary and anomalous contributions. If M saturates at high fields, this can be simply done by extrapolation of the linear high field part of ρ xy (H) back to H = 0, yielding ρ
. Unfortunately, such straightforward analysis is not possible for magnetite, since M does not fully saturate up to fields of the order of 10 T due to anti-phase boundaries [37] . Fortunately, ρ to 350 K. The most intriguing result is that irrespective of these pronounced differences all data follow the same scaling plot (see Fig. 4 )
with α = 1.69 ± 0.08 and a = (4 ± 2) × 10 −6 [1/Ωm] 1−α . This scaling behavior even holds on moving across the Verwey transition, which is associated with a structural phase transition (cubic to monoclinic) as well as charge and/or orbital ordering [38, 39] . With respect to the scaling exponent α our systematic data is in good agreement with theoretical predictions [12, 13] . Some data even indicate a tendency towards saturation of σ AHE xy at conductivity values above 10 4 Ω −1 m −1 . Our results also agree well with those obtained on polycrystalline [40] and epitaxial Fe 3 O 4 films of different thickness [25] as well as those obtained from single crystals [41] . We further note that scaling relations with about the same exponent but different prefactors have been found for Ti 1−x Co x O 2−δ [22] and a number of other oxide materials [17, 21, 23, 24] . This strongly suggests that the observed scaling behavior in low-conductivity ferromagnetic oxides is universal and not related to details of the crystal structure and crystallographic orientation, doping level, oxygen stoichiometry, strain state, or density of anti-phase boundaries.
The origin of the observed universal scaling relation is still controversial. Although a recent theoretical model [12, 13] developed for multiband ferromagnetic metals with dilute impurities predicts σ AHE xy ∝ σ 1.6 xx in the dirty limit, this model does not cover the case of lowconductivity ferromagnetic oxides where electric transport is dominated by hopping. Furthermore, it is still unclear to what extent the model developed for quantum Hall insulators [26] can be applied. In any case, our results together with the available literature data [21, 22, 24, 25] suggest that the scaling relation holds for low-conductivity materials independent of the details of the specific material parameters and the underlying transport mechanism (hopping or metallic conduction) and therefore can be considered universal.
In summary, we have performed a systematic study of the AHE in the low-conductivity ferromagnetic oxide Fe 3−x Zn x O 4 . Independent of the crystallographic orientation, Zn content, oxygen deficiency, and strain state, resulting in substantial differences in magnetic and magnetotransport properties, a universal scaling relation σ AHE xy ∝ σ α xx with α = 1.69 ± 0.08 was found. Comparing our results with recent literature data we can conclude that the observed scaling relation is very general and holds for low-conductivity ferromagnetic materials irrespective of the details of the underlying transport mechanism.
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